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Electrophysiology of ammonia transport in renal straight
proximal tubules
HARALD VOLKL and FLORIAN LANG
Institute for Physiolagy, University Insbruek, Innsbruck, Austria
Electrophysiology of ammonia transport in renal straight proximal
tubules. To test for electrogenic transport of ammonium ions in straight
proximal renal tubules, isolated perfused tubules have been exposed to
peritubular ammonium ions during continuous recording of cell mem-
brane potential. As a result, 20 mmol/liter NH4 leads to a rapid,
reversible depolarization of the cell membrane by 9.0 0.3 mV (N =
86), This depolarization is not significantly affected by 10 mmoI1iter
barium or 0.1 mmol/liter amiloride on both sides of the epithelium, but
is significantly blunted by omission of extracellular bicarbonate and
CO2 (3.8 0.4 mY, N = 9), by 1 mmol/liter acetazolamide (4.3 0.3
mV,N= ll),by I mmollliterperitubularamiloride(4.3 1,lmV,N=
7), by 1 mmol/liter SITS (5.7 0.4 mV, N = 6), and by replacement of
extracellular sodium with choline (4.7 0.5 mV, N = 8). In the
presence of both amiloride (1 mmol/liter) and acetazolamide (1 mmol/
liter) in the bath, the NH4 induced depolarization is completely
abolished. Furthermore, the combined omission of bicarbonate and
addition of 10 mmol/liter barium eliminates the NH4 induced depolar-
ization. About 50% of the depolarization can be explained by enhanced
electrogenic bicarbonate exit due to the intracellular alkalosis. The
other 50% is explained by amiloride and barium sensitive electrogenic
entry of NH4 into the cell.
Renal production and excretion of ammonia do play a crucial
role in the regulation of acid-base balance [1, 2]. The proximal
nephron is the principal site of renal ammonia production [3—71.
In this nephron segment, ammonia is preferentially transported
into the tubule lumen [8—111. Ammonia secretion continues in
the S3 segment [4, 12—14]. Accordingly, delivery of ammonia to
thj0 limbs of deep Henle's loops exceeds the delivery out of
superficial proximal tubules [8]. In thick ascending limbs,
however, NH4 is reabsorbed [15] at least partially via the
NaC1-KC1 cotransporter in the luminal cell membrane [13,
16—18]. In addition, K channels have been claimed to partic-
ipate in the transcellular transport of ammonia across thick
ascending limbs [19]. The reabsorption of ammonia in the thick
ascending limb and its secretion in the descending limb allow
the accumulation of ammonia in kidney medulla, which helps to
maximize urinary ammonia excretion (1].
In proximal renal tubules, secretion of ammonia has been
explained in part by passive diffusion of NH3 into the tubule
lumen with subsequent formation of NH4 in the relatively acid
Received for publication February 11, 1991
and in revised form June 10, 1991
Accepted for publication July 16, 1991
© 1991 by the International Society of Nephrology
luminal fluid [12, 14, 20]. However, evidence points to transport
of NH4 via N/1 ATPase [21, 22] and Na/H exchange
[23, 24]. Hitherto, nothing is known about electrogenic trans-
port of NH4 across the cell membranes of proximal renal
tubules.
The present study was designed to elucidate the effect of
NH4 on the cell membrane potential in straight proximal renal
tubules. To this end, isolated perfused tubules have been
exposed to peritubular ammonium ions (1 to 40 mmollliters)
during continuous recording of cell membrane potential.
Methods
The experiments were performed on proximal straight tu-
bules of Swiss mice weighing 20 to 25 g. Segments of 0.2 to 0.4
mm length were dissected and perfused following principally
the method of Burg et al [25]. Modifications of the technique
concerning track system, pipette arrangement, use of a dual
channel perfusion pipette, as well as the electrical circuits for
current injection into the lumen and registration of the potential
difference across the epithelium (PDte) and the basolateral cell
membrane (PDbI) have been described in previous publications
[26, 27]. The luminal perfusion rate ;vas >10 nI/mm. The bath
was perfused continuously at a rate of 20 mI/mm and kept at
38°C with a dual channel feedback system (W. Hampel, Frank-
furt, Germany). The composition of the perfusates is given in
Table 1.
The potential difference across the basolateral cell membrane
was measured by a high impedance electrometer (FD 223, WPI,
Science Trading, Frankfurt, Germany) connected with the
electrode via an AgIAgCI half cell. The electrodes used for
recording the potential difference across the basolateral cell
membrane were pulled from filament capillaries (1.5 mm OD,
1.0 mm ID, Hilgenberg, Malsfeld, Germany) with a Narishige
PE 2 vertical puller, which was adjusted to deliver electrodes
with a resistance between 100 and 200 Mfl. They were filled
with 1 mol/liter KC1 solution immediately before use. For
penetrating the membrane the electrodes were advanced rap-
idly by a piezoelectric stepper (M. Frankenberger, Germenng,
Germany) mounted on a Leitz micromanipulator (E. Leitz,
Wetzlar, Germany). A recording was accepted only when the
penetration of the cell membrane resulted in an instantaneous
deflection of the reading. Furthermore, the potential difference
across the cell membrane had to be stable (±2 mY) for at least
one minute. Withdrawal of the electrode was to be followed by
an immediate return of the electrode reading to the baseline
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value (±2 mV). The resistance of the electrodes was checked
by short current pulses and had to be constant during the
impalement (±20%).
Where applicable, the data are expressed as arithmetic means
SEM. Statistical analysis was made by paired i-test, where
applicable; P < 0.05 was considered statistically significant.
Results
NH4CI replacing part of NaCl in the peritubular perfusate
(solutions 1 and 2, Table 1) lead to a rapid, reversible depolar-
ization of the basolateral cell membrane (Figs. 1 and 2, Table 2),
as well as to an increase of the voltage divider ratio (from 3.4
0.2) by 40 5% (N = 7). As illustrated in Figure 3, an almost
linear correlation was observed between the concentration of
NH4 added and the depolarization observed. Transepithelial
potential difference was not significantly altered by 20 mmol/
liter NH4CI (0.3 0.2 mV, N = 6). To test whether the
depolarization was due to a reduction of bath sodium, addi-
tional experiments were performed with the initial replacement
of 20 mm/liter NaCI by mannitol and subsequent replacement of
mannitol by ammonium-gluconate (solutions 4 and 5, Table I).
The replacement of 20 mmol/titer NaCI by mannitol did not
significantly alter PDbI (—0.9 0.5 mV, N = 7), but replace-
ment of mannitol by ammonium-gluconate depolarized the cell
membrane (7.4 0.4 mV, N = 7) to a similar extent as
replacement of NaCl by NH4CI.
The NH4 induced depolarization was in part dependent on
the presence of exogenous bicarbonate and C02: In the absence
of luminal and peritubular bicarbonate and CO2 (solutions 6, 7
and 24, Table 1) NH4 (20 mmol/liter) still caused a significant
depolarization of the basolateral cell membrane, which, how-
ever, was significantly less than the NH4 induced depolariza-
tion in the presence of extracellular bicarbonate (Table 2, Fig.
4). In the absence of bicarbonate NH4 still leads to an increase
of the voltage divider ratio (by 42 4%, N = 8).
The NH4 induced depolarization was similarly sensitive to
replacement of extracellular sodium by choline. If sodium was
replaced by choline in both perfusates (solutions 8, 9 and 23,
Table 1), NH4 (20 mmollliter) still lead to a significant depo-
larization of the basolateral cell membrane, which, however,
was significantly smaller than the NH4 induced depolarization
in the presence of sodium (Table 2, Fig. 5).
The NH4 induced depolarization was similarly blunted by 1
mmol/liter SITS and by carbonic anhydrase inhibitor acetazol-
amide. Addition of 1 mmol/liter acetazolamide or I mmol/Iiter
SITS to the peritubular perfusate (solution I, Table 1) did not
significantly modify PDbI (Table 2), but significantly reduced
the NH4 induced depolarization of the cell membrane (Table
2, Figs. 6 and 7).
The acetazolamide insensitive portion of NH4 induced
depolarization was not altered by removal of extracellular
chloride, If in addition to 1 mmol/liter ace tazolamide, extracel-
lular chloride was removed (solutions 10, 11 and 25, Table 1),
NH4 still lead to a significant depolarization of the cell
membrane (Table 2), which was not significantly different from
the depolarization observed in the presence of acetazolamide
alone. To test for a possible involvement of K channels in the
NH4 induced depolarization, NH4 was added in the presence
of K channel blocker barium. Addition of barium (10 mmol/
liter) to the luminal as well as to the peritubular perfusate
(solutions 12, 13 and 22, Table 1) lead to a marked depolariza-
tion of the basolateral cell membrane by +24 3 mV (N = 9)
without significant effect on the NH4 induced depolarization
(Table 2, Fig. 8). However, if barium was added in the absence
of bicarbonate (solutions 14, 15 and 24, Table 1), the NH4
induced depolarization is completely abolished (Table 2, Fig.
9).
Amiloride (0.1 mmol/liter) should have blocked Na channels
completely. As shown in Table 2, 0.1 mmol/liter arniloride
added to both perfusates (solutions 1,2, and 21, Table l)did not
significantly alter PDbl and rather increased the NH4 induced
depolarization. Furthermore, I mmol/liter amiloride applied to
the lumen did not significantly blunt the NH4 induced depo-
larization (Fig. 10, Table 2).
On the other hand, addition of 1 mmol/liter amiloride to the
peritubular perfusate (solution I, Table 1) lead to a depolariza-
tion of the basolateral cell membrane by +14 3 mV (N = 7),
paralleled by a decrease of the voltage divider ratio (Fig. 2) by
76 6% (N = 9). In the presence of I mmol/liter peritubular
amiloride NH4 (20 mmol/liter) still lead to a significant depo-
larization of the cell membrane, which, however, was signifi-
cantly smaller than the NH4 induced depolarization in the
absence of I mmol/liter amiloride (Table 2, Fig. 11). Thus, I
mmol/liter amiloride blocks part of the NH4 induced depolar-
ization. In the presence of both I mmol/liter peritubular acetazol-
amide and I mmol/liter amiloride, the depolarization induced by
NH4 (20 mmol/liter) is completely abolished (Table 2, Fig. 12).
Increase of peritubular bicarbonate concentration (at the
expense of chloride, solutions 1, 17 and 19, Table I) from 10 to
20 mmol/liter or from 10 to 40 mmol/liter at constant C02, lead
to a hyperpolarization of the basolateral cell membrane by —5.2
1.2 mV (N = 5) and —8.7 1.9 mV (N = 5), respectively. In
the presence of 20 mmol/liter NH4 (solutions 2, 18 and 20), the
same increase of bicarbonate concentration lead to a hyperpo-
larization by —6.8 0.9 mV (N = 5) and —10.7 1.6 mV (N =
5), respectively. These hyperpolarizations were not signifi-
cantly different from the hyperpolarizations seen in the absence
of NH4. Acetazolamide (1 mmol/liter) completely inhibited
(—0.5 0.3 mV, N = 4) and amiloride (1 mmol/liter) signifi-
cantly enhanced (—16.5 1.8 mY, N 8) the hyperpolariza-
tions induced by increase of peritubular bicarbonate concentra-
tion from 10 to 40 mmol/liter. Thus, the inhibitory effect of
acetazolamide but not of amiloride on the NH4 induced
depolarization could be explained by inhibition of bicarbonate
conductance.
Addition of 0.1 mmol/liter ouabain to the peritubular perfus-
ate (solution 1, Table I) lead to a gradual decline of PDbI,
paralleled by a decrease of the depolarizing effect of enhanced
bath potassium concentration (Fig. 13). In contrast, the NH4
induced depolarization increased and eventually approached
the depolarizing effect of equimolar potassium concentration
changes (Fig. 13, Table 2).
Discussion
The application of NH4 to the bath perfusate leads to a
rapid, sustained, fully reversible depolarization of the basolat-
eral cell membrane. This effect could be due to a depolarizing
circular current [28, 29J originating at the luminal cell mem-
brane or the paracellular shunt, due to the charge carrying
transport of NH4 across the basolateral cell membrane into
VOlkl and Lang: Ammonia transport in straight proximal tubules 1085
Table 2. The potential difference across the basolateral cell membrane (PDbl) and the change of PDbI (PDbl) following addition of 20 mmoll
liter NH4CI under various experimental conditions
Experimental condition
PDbl 1PDb1 PDbl,e — PDbl,c Solutions
(numbers table 1)mV
Control —71.0 0.8 (86) 9.0 0.3 (86) 1, 2, 21
10 mmol/liter barium (I + b) —40.1 1.9 (9)a 7.6 0.8 (9) +0.4 0.2 (9) 12, 13, 22
0.1 mmollliter amiloride (I + b) —72.8 1.9 (5) 11.6 0.8 (5) +0.8 0.8 (5) 1, 2, 21
1 mmol/liter amiloride (b) —58.0 3.3 (7) 4.3 1.1 (7) —5.5 1.0 (7) 1, 2, 21
I mmol/liter amiloride (1) —76.4 1.5 (5) 8.4 0.7 (5) —0.3 0.2 (5) 1, 2, 21
I mmol/liter SITS (b) —73.8 1.1 (6) 5.7 0.4 (6) —1.6 0.3 (6) 1, 2, 21
Sodium free (I + b) —65.7 1.9 (8) 4.7 0.5 (8) —3.4 0.5 (8) 8, 9, 23
Bicarbonate free (I + b) —68.8 2.2 (9) 3.8 0.4 (9) —5.9 1.1 (9) 6, 7, 24
Bicarbonate free (I + b) —25.0 1.7 (5) 0.2 0.6 (5) —6.3 1.0 (5) 14, 15, 24
+ 10 mmol/liter barium (b)
1 mmol/liter acetazolamide (b) —67.1 2.3 (9) 4.3 0.3 (11) —4.4 0.6 (9) 1, 2, 21
I mmol/liter amiloride + 1 —58.2 3.9 (5) —0.5 0.3 (5) —9.7 1.2 (5) 1, 2, 21
mmol/liter acetazolamide (b)
Chloride free (1 + b) + I mmol/ —77.2 2.0 (5) 4.8 0.2 (5) —4.3 0.8 (5) 10, 11, 25
liter acetazolamide (b)
0.1 mmol/liter ouabain (b) 2 mm —63.2 4.7 (5) 8.6 0.4 (5) +0.9 0.4 (5) 1, 2, 21
0.1 mmol/literouabain(b)5 mm
—55.6 4.8(5)a 10.6 0.7 (5) +2.9 0.6(5)a 1,2,21
Numbers in the parentheses are numbers of observations. PDbI,e — PDbI,c is the NH4 induced deplorization under the respective experimental
condition minus the NH4*induced depolarization in the same cells under the control condition. Abbreviations are: 1, luminal fluid; b, bath fluid.
a Significantly different from respective value under control conditions
the cell andlor due to an influence of NH3/NH4 on some other
electrogenic transport across the basolateral cell membrane.
A circular current originating at the paracellular shunt should
hyperpolarize the luminal cell membrane, a circular current
originating at the luminal cell membrane and depolarizing the
basolateral cell membrane should render the lumen more neg-
ative. This is not the case. Thus, the depolarization of the
basolateral cell membrane must reflect some electrogenic event
occurring at the basolateral cell membrane, which is much more
conductive than the luminal cell membrane [30].
In the absence of NH4, the basolateral cell membrane of the
mouse straight proximal tubule is almost selective to potassium,
with a small contribution of bicarbonate conductance [311.
The ammonia induced depolarization of the basolateral cell
membrane is at least in part the result of enhanced electrogenic
exit of bicarbonate across the basolateral cell membrane. Ad-
dition of NH3/NH4 to the bath leads to entry of NH3 into the
cell, which binds intracellular H and thus leads to intracellular
alkalinization [32, unpublished observations]. The increase of
intracellular bicarbonate concentration increases the driving
force for electrogenic bicarbonate exit and thus is expected to
depolarize the basolateral cell membrane. In addition to en-
hancing the bicarbonate gradient, the increase of intracellular
bicarbonate concentration could account for the tendency of
the basolateral cell membrane to increase bicarbonate selectiv-
ity. Accordingly, the NH4 induced depolarization is blunted in
the absence of extracellular bicarbonate and CO2 and in the
presence of SITS or of carbonic anhydrase inhibitor acetazol-
amide, which is known to block the electrogenic transport of
bicarbonate across the basolateral cell membrane of proximal
renal tubules [33]. Furthermore, the NH4 induced depolariz-
ation is blunted following replacement of extracellular sodium
with choline, possibly by impairment of Na(HCO3)3 cotrans-
port [34, 35]. However, removal of extracellular bicarbonate,
removal of sodium, addition of SITS and addition of acetazol-
amide inhibit the NH4 induced depolarization only in part.
The remaining effect in the absence of extracellular bicarbonate
could theoretically be explained by intracellular generation of
bicarbonate, the incomplete efficacy of SITS and acetazol-
amide, however, suggests the existance of some additional
depolarizing mechanism.
Theoretically, part of the NH4 induced depolarization could
have been due to a decrease of the K conductance. K
channels in the apical cell membrane of the thick ascending limb
have in fact been shown to be inhibited by NH4 [36—38].
Furthermore, amiloride does reduce the basolateral K con-
ductance in mouse straight proximal tubules and would thus be
expected to blunt an inhibitory effect of NH4 on the K
channels. However, the NH4 induced depolarization is paral-
leled by an increase of the voltage divider ratio, in contrast to
the effect of amiloride, which reduces the voltage divider ratio.
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Fig. 3. The NH4 induced depolarization of the basolateral cell mem-
brane (iPDbl) as a function of the NH4 concentration added. Mean
values SEM, N = 4 for each concentration.
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Fig. 4. Effect of complete omission of bicarbonate in
lumen and bath perfusate (replaced with chloride) and CO,
(solutions 6, 7 and 24, Table 1) on the potential difference
across the basolateral cell membrane (PDbI) of isolated
perfused straight proximal tubules and the depolarization
induced by 20 mmol/liter NH4 (original recording).
Fig. 5. Effect of complete replacement of sodium in lumen and bath
perfusate with choline (solutions 8, 9 and 23, Table 1) on the potential
difference across the basolateral cell membrane (PDbl) of isolated
perfused straight proximal tubules and the depolarization induced by 20
mmol/liter NH4 (original recording).
Fig. 6. Effect of I mmollliter acetazolamide (Acetaz.) in the peritubu-
lar perfusate (solutions I and 2, Table 1) on the potential dUference
across the basolateral cell membrane (PDbl) qf isolated perfused
straight proximal tubules and the NH4CI induced depolarization of the
cell membrane (original recording).
Thus, the bicarbonate insensitive portion of the NH4 in-
duced depolarization is most likely due to electrogenic trans-
port of NH4, which is inhibited by barium and amiloride.
Taken together, the observations do suggest that NH4 enters
Fig. 7. Effect of 1 mmollliter SITS in the peritubular perfusate (solu-
tions I and 2, Table 1) on the potential difference across the basolateral
cell membrane (PDbI) of isolated perfused straight proximal tubules
and the NH4CI induced depolarization of the cell membrane (original
recording),
Fig. 8. Effect of 10 mmollliter barium in lumen and bath perfusate
(solutions 3, 4 and 16, Table 1) on the potential dffl'erence across the
basolateral cell membrane (PDbI) of isolated perfused straight proxi-
mal tubules and the depolarization induced by 20 mmol/liter NH4
(original recording).
the cell via amiloride and barium-sensitive K channels at the
basolateral cell membrane. The entry of NH4 then accounts
for the bicarbonate and acetazolamide insensitive portion of
NH4 induced depolarization. Barium alone did not result in a
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Fig. 9. Effect of both, complete omission of
bicarbonate and CO2 in lumen and bath
perfusate and addition of 10 mmol/liier barium
(solutions 14, 15, 16 and 24, Table 1) on the
potential difference across the basolateral cell
membrane (PDb1) of isolated perfused straight
proximal tubules and the depolarization induced
by 20 mmollliter NH4 or 20 mmollliter K
(original recording).
Fig. 10. Effect of I minol/liter amiloride (amil.) in the lumen perfusate(solutions 1, 2 and 21, Table I) on the potential difference across the
basolateral cell membrane (PDbl) of isolated perfused straight proxi-
mal tubules and the depolarization induced by 20 mmollliter NH4
(original recording).
significant decrease of the NH4 induced depolarization, since
the inhibition of electrogenic NH4 entry by barium was
probably outweighed by the enhanced influence of bicarbonate
exit on the cell membrane potential during inhibition of the K
channels. Similarly, the enhanced depolarizing effect of NH4
after sustained inhibition of Na/K ATPase can be explained
by the enhanced influence of bicarbonate on the cell membrane
potential with decreasing K conductance.
Conductive transport of NH4 across the basolateral cell
membrane is sensitive to the potential difference across the cell
membrane and thus favors cellular NH4 accumulation. At the
basolateral cell membrane potential difference of —65 mV,
NH4 would approach electrochemical equilibrium only at
intracellular concentrations greater than 10-fold the extracellu-
lar concentration. Thus NH4 conductance could contribute to
the efficient cellular uptake and subsequent secretion of NH4
in S3 segments.
Fig. 11. Effect of I mmollliter amiloride in the bath perfusate (solu-
tions 1 and 2, Table 1) on the potential difference across the basolateral
cell membrane (PDbI) of isolated perfused straight proximal tubules
and the depolarization induced by 20 mmollliter NH4 (original record-
ing).
E
0
Fig. 12. Effect of both 1 mmollliter amiloride (Ami) and / mmollliter
acetazolamide (Acet) in the peritubular perfusate (solutions I and 2,
Table 1) on (he potential difference across the basolateral cell mem-
brane (PDbI) of isolated perfused straight proximal tubules and the
depolarization of the cell membrane induced by 20 mmol/liter NH4
(original recording).
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Fig. 13. Effect of 0.1 mmol/liter ouabain in the
peritubular perfusate (solutions 1, 2 and 3. Table
1) on the potential difference across the
basolateral membrane (PDbl) of isolated
perfused straight proximal tubules and the
depolarization induced by 20 mmol/liter NH4 or
20 mmol/liter K (original recording).
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